Abstract. Ubiquitin-conjugating protein 9 (Ubc9), the sole enzyme for sumoylation, plays critical roles in many physiological functions, such as DNA damage repair and genome integrity. Its overexpression led to poor prognosis and drug resistance in tumor chemotherapy. However, the underlying mechanism by which Ubc9 promotes tumor progress and influences the susceptibility to antitumor agents remains elusive. In this study, we used nine antitumor agents with distinct actions to explore Ubc9-mediated resistance in human breast carcinoma MCF-7 cells. Increase of susceptibility, respectively, to boningmycin, hydroxycamptothecine, cis-dichlorodiamineplatinum, 5-fluorouracil, vepeside and gemcitabine, but not for doxorubicin, vincristine and norcantharidin, was observed after the knockdown of Ubc9 protein level with RNA interference. Reduction of bleomycin hydrolase and poly(ADP-ribose) polymerase-1 levels after knockdown of Ubc9 suggests their contribution to Ubc9-mediated drug resistance. This is the first report on the sensitivity to hydroxycamptothecine, cis-dichlorodiamineplatinum and gemcitabine that increased after knockdown of bleomycin hydrolase at protein level. In conclusion, Ubc9 plays different roles of action in antitumor agents in chemotherapy. The process requires bleomycin hydrolase and poly(ADP-ribose) polymerase-1. The results are beneficial to deeply understanding of Ubc9 functions and for precise prediction of chemotherapy outcomes in tumors.
Introduction
Sumoylation, one mode of post-translational modification for proteins, has been shown to play an important role in the DNA damage repair, genome maintenance, protein transportation, activity and stability of proteins (1, 2) . The process includes three steps that attach SUMO to other proteins by activating, conjugating and ligating of enzymes. Among them, ubiquitinconjugating protein 9 (Ubc9) is the sole SUMO-conjugating enzyme. Accumulating evidence has shown that it participates in many physiological functions, such as oxidative stress, genome integrity, protein quality control in cardiomocytes and regulation of meiotic synapsis (3) (4) (5) (6) (7) .
Ubc9 is also closely related to tumorigenesis and neoplastic metastasis, suggesting a molecular biomarker of tumors (8) . It is found to highly express in various cancers, such as colon, lung, head and neck carcinoma, melanoma, and breast cancers (9) (10) (11) (12) (13) . Ubc9 overexpression is greatly associated with neoplastic grades of breast cancer (14, 15) . Transfection of the Ubc9 dominant-negative mutant into the human breast MCF-7 tumor cells in nude mice led to inhibition of tumor growth in vivo (9) . The mechanism underlying this action can increase the expression of Daxx, a protein that mediates Fas-associated apoptosis in the cytoplasm (16) . Furthermore, compared with wild-type cells, the expression of bcl-2 proto-oncogene significantly decreased in the cells transfected with dominantnegative mutant of Ubc9 (17) .
Ubc9 overexpression involves drug resistance to chemotherapy agents in tumors. It predicts chemoresistance in breast cancer (18) . The sensitivity to cisplatin, paclitaxel and temozolomide has been reported increased by knockdown of Ubc9 with specific siRNA in melanoma (10) . It can also increase the sensitivity of cells to topoisomerase I inhibitor topotecan and topoisomerase II inhibitor MV-26 (16) . Because topoisomerase I ubiqutination and sumoylation share the same amino acid position, the sumoylation can prevent the degradation of topoisomerase I through ubiqutination pathway, which is caused by topoisomerase I inhibitor, and then decrease the cytotoxicity of topoisomerase I inhibitors (19) . In addition, SUMO-Ubc9 complexes can modify multiple proteins related with DNA damage, promote DNA damage repair, and lead to the reduction of sensitivity to some DNA damage targeting drugs in tumor cells (20) .
Although there are several reports on the Ubc9-mediated resistance to antitumor drugs, it remains unclear how it affects different drugs with various actions on tumor cells. It requires to be further clarified whether Ubc9 is one of the biomarkers for the prediction of individual tumor response to drug treatment in clinic. Ubc9 can bind several proteins in vivo, such as bleomycin hydrolase (BLH) and poly(ADP-ribose) polymerase-1 (PARP-1) (21, 22) , which are associated with drug resistance. BLH can deactivate antitumor antibiotic bleomycin (23) and was confirmed as one of the biomarkers for determination of bleomycin action in our previous study (24) . PARP-1 is a critical enzyme in DNA damage repair (25) . Its targeted inhibitors, such as olaparib, have been proved as very effective therapy for advanced ovarian cancers with BRCA1/BRCA2 mutation (26, 27) .
Here, we provide the evidence on the sensitivity to nine antitumor drugs after knockdown of Ubc9 in human breast carcinoma MCF-7 cells. Our findings reveal that Ubc9-mediated resistance to them involves BLH and PARP-1.
Materials and methods
Drugs and chemicals. Boningmycin (BON) was kindly provided by Professor Ruxian Chen at our institute, and its purity was >95%. It was prepared into a 2-mM solution dissolved in PBS buffer and stored at -20˚C before use. Hydroxycamptothecine (HCPT), cis-dichlorodiamineplatinum (DDP), 5-fluorouracil (5-FU), doxorubicin (DOX), vepeside (VP-16), vincristine (VCR), norcantharidin (NCTD), 3-(4, 5-dimethy1-2-thiazoyl)-2,5-2H-tetrazolium bromide (MTT) and S-adenosyl methionine (SAMe) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Gemcitabine (GEM) hydrochloride was obtained from Lilly France. Unless otherwise stated, all other chemicals were obtained from Beijing Chemical Factory.
Cell lines and cell culture. Human breast cancer MCF-7 cells were cultured in RPMI-1640 medium (Hyclone, UT, USA). The media were supplemented with 10% (v/v) fetal bovine serum (Thermo Fisher Scientific, CA, USA). The cells were incubated at 37˚C in humidified 5% CO 2 .
Measurement of cellular viability assessed using MTT method (28) . In brief, the cells were seeded into a 96-well plate at a cell density of 3,000 per well for 24 h, followed by drug treatment for 48 h. Consequently, MTT was added to the medium and incubated for 2 h, and the crystals were dissolved with dimethyl sulfoxide. The plates were read using an enzyme-linked immunosorbent assay plate reader at 570 nm. The control group was set as 100%, and IC 50 values were calculated and plotted with GraphPad Prism 5.
RNA interference siRNAs duplex against Ubc9 (sense sequence: GCCUGUCCAUCUUAGAGGAGGACAA), BLH (sense sequence: UACCCAAACAGAUGCACACCACUCG) was synthesized by Life Technologies (Carlsbad, CA, USA). The siRNAs duplex against PARP-1 was purchased from Cell Signaling Technology (Beverly, MA, USA). The RNA interference with the concentration of 100 pmol RNAi duplex was performed with Lipofectamine 2000 (Life Technologies) according to the manufacturer's instructions.
Western blot analysis. Western blot assay was described previously (28 Cell cycle analysis by flow cytometry. The cells were trypsinized and fixed with cold 70% ethanol overnight. The fixed cells were washed twice with PBS and incubated with 100 µg/ml of ribonuclease A at 37˚C for 30 min and then stained in PBS containing 50 µg/ml propidium iodide (Sigma) for 1 h. The fluorescence intensity was detected using BD FACSCalibur cytometer (BD Biosciences, CA, USA) and the cell cycle distribution was assayed with the ModFit LT software (BD Biosciences).
Detection of apoptotic cells by flow cytometry.
The apoptotic cells were stained with Annexin V-FITC/PI Apoptosis kit (BD Biosciences), following the protocol provided by the manufacturer. The fluorescence intensities were measured using a BD FACSCalibur flow cytometer.
The chromosome condensation was stained with Hochest 33342 bisbenzimide. To distinguish the cells at mitosis phase from G 2 phase, DNA specific fluorescent dye Hochest 33342 was used to stain the cells with the concentration of 2 µg/ml at room temperature for 15 min. Images were captured with a fluorescence microscope (Olympus, Japan).
Statistical analysis.
Results were expressed as the mean ± SD from at least three independent experiments. Statistical analysis was performed with the Student's t-test using SPSS 16.0. The criterion for statistical significance was set at P<0.05. Combination index was performed using CompuSyn.
Results

Reduction of cell proliferation by knockdown of Ubc9.
To investigate the functionality of Ubc9 in the role of cell proliferation, we performed RNA interference experiments. Three different Ubc9-siRNAs were used to knock down Ubc9 mRNA and analyzed the levels of Ubc9 by western blotting after MCF-7 cells were transfected with siRNAs for 72 h. Ubc9 protein levels were obviously reduced <20%, whereas no such reduction was seen with treatment of negative siRNA (Fig. 1A) . The Ubc9 siRNA-1 and siRNA-2 were chose for the following experiments. The MCF-7 cells were transfected for 24 h, and cell numbers were counted every day with Beckman Coulter for a week. Comparing with the control group, the rate of cell proliferation was significantly decreased in Ubc9 siRNA-treated group (Fig. 1B) . In order to further confirm that the knockdown of UBC9 can affect cell proliferation, cell cycle distributions in the MCF-7 cells were analyzed by flow cytometry following knockdown of Ubc9. As shown in Fig. 1C , knockdown of Ubc9 had increased accumulation of cells at G 2 /M-phase from 25.2% in non-transfected cells to 38.7 and 33.7% in transfected cells, respectively. To distinguish the cells at G 2 with M phase, we observed the staining by the specific DNA dye Hoechst 33342 (Fig. 1D) . The chromosome condensations showed in Ubc9-interfered group, suggesting the arrest of cells at M phase. It is consistent with previous research results in yeast cells (29) . The results suggested that Ubc9 is necessary for cell proliferation.
Increase of susceptibility to antitumor agents by knockdown of Ubc9. In order to evaluate whether Ubc9 is related to the susceptibility to antitumor agents, nine types of antitumor agents with different actions were chosen to treat MCF-7 cells. As illustrated in Fig. 2 , the susceptibility to BON, HCPT, DDP, GEM, 5-Fu and VP-16 increased after knockdown of Ubc9. In contrast, the sensitivity to VCR, NCTD, or DOX did not change obviously. The IC 50 values of negative siRNA and Ubc9 siRNA are summarized in Table I . Among them, the sensitivity to BON is mostly augmented, reaching 4-fold. The results revealed that Ubc9 is involved in the susceptibility to various types of antitumor agents.
Increase of apoptosis by knockdown of Ubc9. In order to clarify the mechanism by which Ubc9 protein level affects the sensitivity of antitumor agents, the actions of HCPT and DDP were further observed to detect apoptotic event with Annexin V/PI staining and western blotting. The rates of early apoptotic cells were 86.5 and 29.7%, respectively, after the Ubc9-siRNA transfected cells were exposed to 5 µM HCPT or 10 µM DDP (Fig. 3A) , higher in comparison with the groups of negative siRNA transfected cells. The apoptotic signaling pathways were also detected by western blotting at time-points after exposure to HCPT for 6, 12, 24, 36 and 48 h (Fig. 3B) . The cleaved PARP-1 fragment was obviously observed at 24 h in the Ubc9-siRNA transfected cells. In addition, the protein levels of cleaved caspase-3 and p53 in Ubc9-siRNA transfected cells significantly increased comparing with the negative siRNA transfected cells. Reduction of BLH level in apoptosis was also clearly detected after knockdown of Ubc9.
Reduction of BLH and PARP-1 levels in the Ubc9-siRNA transfected cells.
To explore the mechanism of Ubc9-mediated resistance to antitumor agents, the binding proteins with Ubc9, such as BLH and PARP-1 were also detected. The protein levels of PARP-1 and BLH in MCF-7 cells were greatly reduced after the knocking down of Ubc9 protein level (Fig. 4A) . Similar phenomena were also observed time-dependently (Fig. 4B) . It is not due to apoptotic event as the fragment of cleaved PARP-1 was not detected. Interestingly, increase of p53 protein level was significantly observed after reduction of Ubc9. These results suggest that BLH and PARP-1 are related to Ubc9 action in the resistance to antitumor agents.
Increase of the sensitivity to antitumor agents by knockdown of BLH.
In our previous study, the susceptibility to bleomycin was obviously augmented after knockdown of BLH protein level (24) . BLH levels were maintained at a lower level after the cells were transfected with BLH siRNAs for 72 h (Fig. 5A) . The antitumor agents, BON, HCPT, DDP and GEM were used to treat the MCF-7 cells (Fig. 5B) . The IC 50 values of negative siRNA and BLH siRNA groups were 2.5±0.3 and 0.5±0.1 µM, respectively, showing the increased sensitivity to BON as 5-fold after knockdown of BLH. Importantly, the reduction of BLH protein level was affected the sensitivity to HCPT, DDP and GEM (Fig. 5B) . The results suggested that BLH meditates the Ubc9-associated resistance to antitumor agents in addition to direct metabolism of bleomycin. Increase of the sensitivity to antitumor agents by knockdown of PARP-1. The PARP-1 protein level was maintained at a lower level after the cells were transfected with PARP-1 siRNAs for 72 h (Fig. 6A) . At the same time, the sensitivity to BON, HCPT, DDP and GEM were determined (Fig. 6B) . The IC 50 values of BON in the negative siRNA and PARP-1 siRNA groups were 3.1±0.3 and 1.6±0.2 µM, respectively, indicating increase of the sensitivity to BON after knockdown of PARP-1. Interference on PARP-1 led to 4.1-fold increase of the sensitivity to HCPT. To our surprise, the sensitivity to DDP and GEM did not change after reduction of PARP-1 protein level. Thus, PARP-1 partly contributed to Ubc9-meditated resistance to antitumor agents.
Potentiation of actions of antitumor agents in combination with Ubc9 inhibitor SAMe.
In order to further demonstrate the action of the Ubc9-mediated drug resistance, Ubc9 inhibitor SAMe was used to treat MCF-7 cells. It is a common substrate involved in methyl group transfers and reduction of Ubc9 expression (30) . Treatment with SAMe for 48 h led to reduction of protein levels of Ubc9 and p53 (Fig. 7A) . However, the PARP-1 and BLH protein levels were less reduced after treatment with non-cytotoxic concentrations of 0.1 and 0.2 mM SAMe. The combination results of SAMe and antitumor drugs are shown in Fig. 7B . The survival rate had no significant difference between BON alone and the combined group. The cell survival rates were greatly decreased in the combination of HCPT or DDP with SAMe. 
Discussion
In this study, we present evidence to demonstrate the role of Ubc9 in drug resistance to different actions of chemotherapy agents. The underlying mechanism involves Ubc9 binding proteins BLH and PARP-1. These results further support the hypothesis that Ubc9 overexpression is a biomarker for the prediction of tumor progression and drug resistance. In order to systemically illuminate the Ubc9-mediated drug resistance, we assayed the susceptibility to nine antitumor agents with different actions. BON, a new member of bleomycin family, showed more potent suppression of human hepatoma growth in a mouse model (31) . HCPT and VP-16 are topoisomerase I and topoisomerase II inhibitors, respectively. DOX and DDP act directly blocking DNA replication and transcription. 5-Fu and GEM inhibited thymidylate synthase and ribonucleotide reductase, respectively, which were the key enzyme in DNA synthesis. VCR inhibits mitosis by suppressing microtubule association. NCTD increase death rate of cancer cells and activity of lysosomes. In this study, knockdown of Ubc9 protein level led to different increase of susceptibility to the above-mentioned drugs. The increases of susceptibility to HCPT and DDP have been observed after knowdown of Ubc9 or treatment with Ubc 9 specific inhibitor in MCF-7 cells. It is consistent with the result in melanoma cells that cisplatin and paclitaxel augmented the rates of Ubc9-related apoptosis by as much as 50%, but temozolomide by only 10-15% (10) .
Reduction of Ubc9 augments the sensitivity to BON, 5-FU, VP-16 and GEM, but showed no action with DOX. No association of Ubc9-mediated resistance with DOX is consistent with the DOX resistance in sumolyation systems of yeast cells (32) . It may be the reason why DOX is widely used for first line tumor therapy in clinic as Ubc9 overexpression in tumor cells has no effect on DOX action. Although DOX, BON, DDP and VP-16 can cause DNA damage response, the roles of Ubc9 in the process are totally different. Another report revealed that depletion of Ubc9 protein level did not affect the homologous recombination or alternative non-homologous end joining, but required conservative non-homologous end joining in DNA double-strand break response (33) .
To our knowledge, this is the first report on knockdown of BLH increasing the sensitivity to antitumor drugs other than bleomycin in MCF-7 cells (Fig. 5) . BLH can inactivate bleomycin action and is one of the biomarkers for the determination of bleomycin action (24) . Accumulating data have shown that BLH can play multiple roles under different physiological and pathological conditions, such as preparation of peptides for antigen presentation (34), the pathogenesis of Alzheimer's disease (35) and skin moisture (36) . Furthermore, BLH protects mice against L-homocysteine thiolactone toxicity by metabolizing it to homocysteine, suggesting a mechanism by which it has a role in cellular detoxification (37, 38) . In our previous report, we found that BLH is cleaved by caspase-3 in the process of apoptosis (28) . In this study, we demonstrated that knockdown of Ubc9 expression can cause BLH content to decrease (Fig. 4) , and knockdown of BLH protein level directly affected the sensitivity to several antitumor agents in MCF-7 cells (Fig. 6 ). These findings indicate that BLH may act as a protective role in cells that degrades intracellular toxic substances and maintains cell survival. The function of Ubc9/ BLH protein complex in the cells is being investigated in our laboratory.
PARP-1 plays very important roles in DNA damage repairs, especially in the repair of single-strand DNA breaks. The results that reduction of PARP-1 protein level after knocking down of Ubc9 levels and increase of the sensitivity to antitumor drugs by knockdown of PARP-1 suggest its role in the Ubc9-mediated drug resistance. Modification of PARP-1 with the small ubiquitin-related modifier affects its function as a transcriptional co-activator of hypoxia-responsive genes (39) . The affinity of PARP-1 is enhanced by Ubc9 upon binding to DNA (40) . The PARP-1-targeted agents have been approved for use in clinic as tumor therapy. This encourages development of new PARP-1 inhibitors (41). Our results presented here suggest that wide applications of them should be considered based on the effects of cellular interacting proteins, such as Ubc9.
It is a very important to understand the way in which Ubc9 binds BLH and PARP-1 in the cells. There is no evidence to show their binding is in a competitive manner. As a matter of fact, only one percent of sumoylated Ubc9 can function well in yeast meiosis (7), suggesting the high efficiency to exact its role. It has been observed that distinct Ubc9 protein complexes formed in response to DNA double-strand breaks (33) . Therefore, it will be important to determine whether the levels or activities of these protein complexes are regulated in response to drug treatment, thereby altering cellular processes through global or local changes in SUMO modification and binding proteins.
The high expression of Ubc9 in tumor tissues may be a driving force for tumorigenesis and metastasis as it regulates the function of many growth-associated oncoproteins. In K-ras mutant colorectal cancer cells, oncogenesis by Ras/Raf pathway required Ubc9-mediated sumoylation (42) . The phosphorylation of Ubc9 and SUMO-1 by AKT modulates the substrate sumoylation specificity in tumor cells (43) . The expression of Ubc9 is regulated by estrogen receptor α and nuclear factor Y in MCF-7 cells (44) . Because of the complexity and difference of Ubc9 regulation in various tumors, it will be conducive to the prediction of individual tumor response to drug treatment in clinic when using Ubc9 as one of the biomarkers. It is rational to design the compound to target Ubc9 as it is overexpressed in arrays of tumors and a unique conjugating enzyme for somoylation. In this study, SAMe inhibited the expression of Ubc9 and augmented the sensitivity to HCPT and DDP (Fig. 7) . Another report showed that antibiotic spectomycin B1 can directly inhibit Ubc9 in vitro and in vivo (45) . Developing Ubc9-targeted inhibitors for treatment of various types of cancers shows promise.
In conclusion, Ubc9 overexpression leads to resistance of antitumor agents and failure in tumor chemotherapy. The evidence that BLH and PARP-1 as binding proteins participate in the process provides new way to overcome this. Ubc9 is a biomarker for tumorigenesis and the progression in some types of cancer. It is valuable to precisely detect Ubc9 levels in tumor cells and screen the compound targeting Ubc9.
